Morphologies of Spin-Coated Films of a Library of Diblock Copoly(2-oxazoline)s and Their Correlation to the Corresponding Surface Energies
Introduction A large number of differently substituted 2-oxazolines can be prepared from the reaction of nitriles with 2-aminoethanol. [1, 2] These 2-oxazolines are well-suited monomers for the living cationic ring-opening polymerizations (Scheme 1), and, for this reason, are under constant investigation since 1966. [3] [4] [5] [6] As a consequence of the living character of the polymerization (which means that the growth of all polymer chains starts at the same time and that all polymer chains grow with uniform speed while chain transfer reactions, terminating reactions, as well as other sidereactions are absent), the reaction center (the positively charged oxazolinium ring, Scheme 1) remains active after the complete consumption of the first type of monomer and allows the subsequent incorporation of another type of monomer into the polymer chain. Thus, diblock copoly(2-oxazoline)s can be obtained in a two-step procedure and may be applied in fields as diverse as micellar catalysis, drug delivery, or hydrogels. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Summary: The influence of surface morphologies on the properties of materials is of essential importance and is therefore a widely discussed topic. In the present contribution, the properties of a set of diblock copoly(2-oxazoline)s are analyzed in terms of their individual morphologies, which have been investigated with tapping-mode SFM. This collection of diblock copolymers consists of 12 diblock copolymers and four corresponding homopolymers, representing a complete 16-membered library of (co-) poly(2-oxazoline)s, composed of four differently substituted 2-oxazoline monomers. For the investigated set of compounds, a correlation between the morphologies of the spin-coated films and their surface energies could be determined.
Morphologies of spin-coated films of a library of diblock copoly(2-oxazoline)s and their correlation to the corresponding surface energies.
However, the comparably long reaction time for the polymerization of 2-oxazolines has often been a major concern in this research area. Recently, we have shown that the required reaction times could be significantly decreased if the polymerizations were performed in acetonitrile or dichloromethane at increased temperatures (concomitant with higher pressures) in a microwave reactor. [18] [19] [20] Nonthermal microwave effects, [21] however, were not observed. Instead, the accelerations originated from the increased temperatures and, consequently, perfectly complied with theoretical calculations that were based on the Arrhenius equation (which also could be proven by reference experiments with conventional heating under pressure). [18, 22] Utilizing four differently substituted 2-oxazolines, namely 2-methyl-, 2-ethyl-, 2-nonyl-, and 2-phenyl-2-oxazoline, a 16-membered set of 12 diblock copoly(2-oxazoline)s and 4 chain-extended homopoly(2-oxazoline)s was synthesized under microwave irradiation (Table 1) . [23] These compounds showed only slight deviations from the targeted composition of 50 þ 50 monomer units and exhibited narrow average molecular weight distributions (indicated by PDI values around 1.2; for the two exceptions from this rule, Non 50 Me 50 and Non 50 Et 46 , see below and ref. [23] ). The subsequent characterization of this set of poly(2-oxazoline)s revealed a great influence of the type of substituents attached to the polymer backbone on the properties of the materials. The glass-transition temperatures of these polymers, for example, increased with an increasing rigidity of the substituents in the polymer (phenyl/methyl vs. nonyl/ethyl). [23] Effects were even more pronounced in the case of the surface energies of spincoated films of these poly(2-oxazoline)s: [24] If the polymers did not contain any block of poly(2-nonyl-2-oxazoline), the corresponding films had surface energies in the narrow range from 43 to 46 mN Á m À1 ; films of the polymers that contained (at least) one block of poly(2-nonyl-2-oxazoline), on the other hand, exhibited surface energies in the range from 22 to 24 mN Á m À1 . Obviously, in terms of surface energies (and also in terms of contact angles, which had been measured before in order to calculate the surface energies), the investigated types of monomers could be arranged in two groups: methyl, ethyl, and phenyl versus nonyl.
In the present study, scanning force microscopy (SFM) tapping-mode investigations on spin-coated films of the diblock copoly(2-oxazoline)s were performed in order to study the surface structure of these films and to determine whether the surface morphologies (i.e., increased surface roughness, etc.) are correlated to intrinsic macroscopic properties of the polymers such as contact angles and, hence, also the surface energies of thin films.
Experimental Part
Microwave-Assisted Synthesis of Diblock Copoly(2-oxazoline)s and Chain-Extended Homopoly(2-oxazoline)s
All polymerizations were performed under inert conditions in solutions of acetonitrile in a single-mode microwave reactor at 140 8C, utilizing methyl tosylate as initiator. The ratio of monomer to initiator was kept at 50; the initial concentration of the monomer, on the other hand, depended on the first monomer to be polymerized, and spanned a range from 2 to 4 M. Reaction times for the completion of the polymerization could be calculated from a precedent kinetic study; [20] for further details on the synthesis, see ref. [23] 
Preparation of Polymer Films by Spin Coating
Microscopy slides (Marienfeld, Germany) (cleaned according to a procedure described elsewhere) [24] were spin-coated at 1 000 rpm for 90 sec using the spin coater WS-400/500 (Laurell Technologies Corp., PA).
Atomic Force Microscopy
Scanning force microscopy images were recorded with a Nanoscope IIIa Multimode SFM (Digital Instruments, Santa Barbara, CA, US) in tapping-mode operation with commercially available silicon SFM tips (NT-MDT, Russia) with a typical force constant of 5.5 to 11 N Á m À1 (NSG11). For reproduction, images were flattened and no filter was applied.
Results and Discussion
Spin-coated films of 12 diblock copoly(2-oxazoline)s and the corresponding four homopoly(2-oxazoline)s, which Scheme 1. Schematic presentation of the living cationic ring-opening polymerization of 2-substituted 2-oxazolines initiated by methyl tosylate.
were composed of 2-methyl-, 2-ethyl-, 2-nonyl-, and 2-phenyl-2-oxazoline (see Introduction), were investigated under hard-tapping SFM conditions [25] to obtain information on structure/property relations. These measurement settings are suitable to obtain structural information on the morphologies of the spin-coated films. The results of these investigations are summarized in Figure 1 . The morphologies of the four homopoly(2-oxazoline)s are shown along the diagonal of Figure 1 (A) (starting in the top left corner). These films serve as reference samples for the film morphologies of the individual blocks and were moreover used to determine the surface energies of these homopoly-(2-oxazoline)s. Thereby, two values for the surface energies could be determined. For the homopolymers of 2-methyl-, 2-ethyl-, and 2-phenyloxazoline, surface energies in the narrow range from 43 to 46 mN Á m À1 were measured. [24] A comparison of the surface morphology reveals a very similar surface structure of these homogeneous films, which show only very low surface roughness. In this figure, the zscale of the representation was adjusted to 5 nm for all films to allow a direct comparison. A more detailed analysis of these films is shown in Figure 2 . The surface texture (A) plotted on a z-scale height of 2 nm and the corresponding phase images (B) reveal the homogeneous and similar surface structures for the three homopolymers. These compounds are amorphous polymers, as can be concluded from DSC measurements, which revealed one glass-transition temperature and no melting point. [23] With this reference [ 23] Morphologies of Spin-Coated Films of a Library of Diblock Copoly(2-oxazoline)s . . .
information, the films of the diblock copolymer composed of these three blocks were investigated. The sub-set of 3 Â 3 films of diblock copolymers containing blocks of poly(2-methyl-)-, poly(2-ethyl-)-, and poly(2-phenyl-2-oxazoline) is shown in the top left corner of Figure 1 . Figure 2 represents a more detailed excerpt. It is evident that the film morphologies are very similar and that no additional surface textures of the films are visible in the corresponding phase [ Figure 2 (B)] and amplitude images (not shown). Besides the comparable surface structure of these films, it was found that the surface energies of all of these films are in the same range between 43 and 46 mN Á m À1 , [24] just like those of the corresponding homopoly(2-oxazoline)s.
In contrast to these (overall) homogenous smooth films, the films of the diblock copoly(2-oxazoline)s that contain a block of poly(2-nonyl-2-oxazoline) exhibit significantly higher surface roughness (z-height 5-10 nm). (The low quality of the film of Non 50 Phe 45 , which is observable by the agglomerates [ Figure 1(A) ], results from the standardized and not case-selectively optimized spin-coating conditions.) The increased surface roughness of these films is in good agreement with the film morphology of the homopoly(2-nonyl-2-oxazoline) film [bottom right corner of Figure 1(A) ], which was used again as a reference sample to determine the properties of the homopolymer. Therefore, it can be concluded that the segment of poly(2-nonyl-2-oxazoline) is responsible for the increased surface roughness of the spin-coated films. Moreover, it was found that the surface energies of the films of the diblock copolymers that contain a block of poly(2-nonyl-2-oxazoline) span a narrow range of surface energies from 22 to 24 mN Á m À1 , which is similar to the surface energy of the homopoly(2-nonyloxazoline), which was determined to be 22 mN Á m À1 . [24] This observation can be explained by the migration of the poly(2-nonyl-2-oxazoline) segments to the surface of the spin-coated films, like it was also described for block copolymers containing segments of poly(2-undecyl-2-oxazoline). [26] Hence, the similar surface energies of the films that contain a block of poly(2-nonyl-2-oxazoline) originate from the fact that these surfaces are (partially or completely) covered with the block of poly(2-nonyl-2-oxazoline). The higher surface roughness of the poly(2-nonyl-2-oxazoline) containing block copolymers most likely results from (partial) crystallization of the nonyl side-chains as it was recently demonstrated by the preparation of a series of linear 2-alkyl-2-oxazoline monomers and the corresponding polymers. [27] The lower surface roughness of the Et 50 Non 50 and Non 50 Et 46 [ Figure 1(A) ] can be explained by the good compatibility of the poly(2-ethyl-2-oxazoline) and poly(2-nonyl-2-oxazoline): [28] The poly-(2-ethyl-2-oxazoline) segments will be mixed with the poly(2-nonyl-2-oxazoline) segments, and thus the crystallinity of the poly(2-nonyl-2-oxazoline) will be disturbed resulting in a lower roughness.
In addition to the surface morphologies, the surface textures of the spin-cast polymer films were examined in the phase images [ Figure 1(B) ]. Significant differences in the surfaces textures were found in the phase images of the poly(2-nonyl-2-oxazoline) containing copolymers. The films of the diblock copolymers Me 50 Non 52 and Non 50 Me 50 , for example, revealed characteristic surface textures [ Figure 1(B) ]. This phenomenon is also observed, although to a minor degree, for the films of the diblock copolymers Phe 50 Non 50 and Non 50 Phe 45 . This observation seems to contradict the initial assumption (based on surface energies) that the film surface is covered with chains of poly(2-nonyl-2-oxazoline) due to the migration of this component to the surface. Therefore, the different surface textures might originate from (at least partial) crystallization of the blocks of poly(2-nonyl-2-oxazoline) at the surface [ Figure 1(B) ]. Evidence for the crystallization tendency derives also from DSC investigations. [28] Due to the increased hardness of these crystalline structures, tapping-mode SFM reveals the characteristic texture of the crystallization, especially in the phase images. The relatively mobile surface region will thereby support an enhanced rate of conformational transitions, which supports the crystallization of the blocks of poly(2-nonyl-2-oxazoline) at the surface. [29] However, from the current data it cannot be distinguished whether the observed surface textures result from phase-separated crystalline and noncrystalline poly(2-nonyl-2-oxazoline) blocks and/or from phase separation of the poly(2-nonyl-2-oxazoline) and parts of the other block, whereby the fraction of the second block at the surface should be sufficiently low not to influence the (macroscopic) surface energy. It should be emphasized that the formation of these surface textures is a phenomenon limited to the surface of these thin polymer films and not necessarily reflects the bulk properties of the films.
In the phase images [ Figure 1 (B)], it can be recognized that complementary copolymers do not reveal the same kind of crystallization behavior, despite the symmetric character of their blocks and the identical conditions during the preparation of the films, e.g., in the case of the diblock copolymers Non 50 Me 50 and Me 50 Non 52 , which show the most pronounced surface textures. The height images of both systems reveal that the respective surface roughness is in the same order of magnitude [cp. Figure 1(A) ; Figure 3 represents a direct comparison of both films for easier comparison]; the surface texture ( Figure 3 ) however appears to be very different. The film of the diblock copolymer Me 50 Non 52 seems to exhibit a lamellar structure, whereas that of the diblock copolymer Non 50 Me 50 shows a more cylindrical surface texture. Also for other pairs of diblock copolymers containing blocks of poly(2-nonyl-2-oxazoline), non-identical surface textures are observed. These differences in the surface patterns of complementary diblock copolymers that contain a block of poly(2-nonyl-2-oxazoline) most likely originate from chain transfer reactions that occurred during the synthesis of the diblock copoly(2-oxazoline)s that contain a block of poly(2-nonyl-2-oxazoline) as first block (for details, see ref. [23] ). In these cases, namely Non 50 Me 50 , Non 50 Et 46 , and Non 50 Phe 45 , the final product contained a small fraction of homopoly(2-oxazoline) of the second monomer [poly(2-methyl-2-oxazoline), poly(2-ethyl-2-oxazoline), or poly(2-phenyl-2-oxazoline), respectively]. Since the overall polymer compositions are comparable, the presence of homopoly(2-oxazoline)s implies that the fraction of poly(2-nonyl-2-oxazoline) that is actually incorporated in the block copolymers is higher in the block copolymers with poly(2-nonyl-2-oxazoline) as first block than in the block copolymers with poly(2-nonyl-2-oxazoline) as second block. The present homopolymers, which have a higher surface energy, will remain in the bulk and thus the effective block polymer compositions at the surface will be different for the complementary AB and BA block copolymers resulting in the observed different surface textures. 
